Effects of interchanging hyperopic defocus and form deprivation stimuli in normal and optic nerve-sectioned chicks  by Choh, Vivian et al.
www.elsevier.com/locate/visres
Vision Research 46 (2006) 1070–1079Eﬀects of interchanging hyperopic defocus and form deprivation
stimuli in normal and optic nerve-sectioned chicks
Vivian Choh *, MinJung Y. Lew, Michel W. Nadel, Christine F. Wildsoet
School of Optometry, 588 Minor Hall, University of California Berkeley, Berkeley, CA 94720-2020, USA
Received 15 June 2005; received in revised form 19 August 2005Abstract
To test the hypothesis that the same mechanisms mediate form deprivation and lens-induced myopia, the ocular growth responses of
chicks alternately exposed to lenses and diﬀusers at regular intervals (3 h) were compared to those of chicks exposed to either negative
lenses or diﬀusers alone. In total, there were four experiments: (1) 15 D lenses and/or diﬀusers on normal birds, (2) 15 D lenses and/or
diﬀusers on optic nerve-sectioned (ONS) birds, (3) 5/10/15 D lenses (sequentially applied) and/or diﬀusers on normal birds and (4)
5/10/15 D lenses and/or diﬀusers on ONS birds. All treatments were monocular. In all experiments, optical axial lengths (cornea-to-
retina distances) in treated eyes were greater than in fellow eyes, irrespective of the optical device (diﬀuser, lens or switch), lens power
(ﬁxed or incremented) and optic nerve condition (intact or severed). In normal chicks, optical axial length responses in the switch group
were signiﬁcantly reduced relative to those of the diﬀuser but not to those of the 15 D lens group. For both groups of ONS birds, dif-
fusers exaggerated the optical axial length changes. For all groups, the responses to the switch and lens groups were most similar. These
results together suggest that the mechanisms mediating form deprivation- and lens-induced myopia are diﬀerent.
 2005 Elsevier Ltd. All rights reserved.
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It is now well-established that myopia in young animals
can be induced by degrading their visual (retinal) image
through the use of diﬀusers (form deprivation myopia) or
by imposing hyperopic defocus using negative lenses
(lens-induced myopia). The opposite result, hyperopia in-
stead of myopia, is obtained when positive lenses are used
to impose myopic defocus. Both form deprivation- and
lens-induced myopia are manifestations of increased
growth of the vitreous chamber and it has been argued that
the same mechanisms are involved (Norton, 1999). Propo-
nents of this notion tie retinal image quality with ocular
growth regulation. Speciﬁcally, image degradation, or blur,
is believed to drive the increase in eye growth and thus myo-
pia, with sharp (focused) images exercising an inhibitory0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.08.020
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E-mail address: vchoh@berkeley.edu (V. Choh).inﬂuence on eye growth. These opposing inﬂuences con-
tribute to the process of emmetropisation, by which exist-
ing refractive errors are eliminated, be they natural, or
artiﬁcially induced by defocusing lenses. When full com-
pensation to the imposed defocus (i.e., emmetropia) is
achieved, eye growth returns to normal.
While there are many similarities between form depri-
vation- and lens-induced myopia, several studies suggest
that the mechanisms mediating these two types of myopia
may be diﬀerent. Kee, Marzani, and Wallman (2001)
reported diﬀerences in the rates of scleral proteoglycan
synthesis and axial growth for form deprived eyes com-
pared to eyes treated with negative lenses. These authors
(2001) and others (Wildsoet & Wallman, 1995) also found
diﬀerences in the magnitude of short-term responses to
form deprivation and negative lens treatments, and
Schaeﬀel, Hagel, Bartmann, Kohler, and Zrenner (1994)
reported that 6-hydroxydopamine prevents deprivation-
but not lens-induced myopia. A potential confounding
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underlying form deprivation- and lens-induced myopia is
the wide range of lens powers used. With low powered
negative lenses, the imposed defocus can be cleared at
least intermittently by accommodation, and thus the reti-
nal images are likely to be less ‘‘blurred’’ than those gen-
erated by higher power lenses and diﬀusers. Young chicks
have large amplitudes of accommodation, around 17 D
(Schaeﬀel, Howland, & Farkas, 1986), and have been
reported to eﬀectively clear 5 D lenses (Nau, Wildsoet,
& Troilo, 1999). However, their ability to clear the defo-
cus imposed by negative lenses decreases with increasing
lens power, with compensatory accommodation being
only poorly sustained with 15 D lenses (Nau et al.,
1999). These accommodative data predict that the condi-
tions imposed by high power lenses (sustained blur) will
be most similar to the form deprivation conditions im-
posed by diﬀusers, and raise the possibility that high
and low power negative lenses might trigger diﬀerent
mechanisms.
To test the hypothesis that the same mechanisms mediate
form deprivation- and lens-induced myopia, we exposed
young chicks alternately to negative lenses and diﬀusers at
regular intervals, herein referred to as the switch paradigm,
and measured ocular growth over time. If the same mecha-
nisms regulate form deprivation- and lens-induced myopia
then eyes should not be able to detect the switching between
such treatments and their growth should be similar to eyes
exposed to just one of the optical devices (diﬀuser or nega-
tive lens) continuously. We also conducted experiments in
which we constrained the amount of defocus by starting
with a low powered (5 D) lens, incrementing the lens
power over the course of the experiment. Experiments
involving optic nerve section (ONS) were also included.
This surgery eliminates the possibility of visually driven
inﬂuences from the central nervous system on eye growth,
thereby isolating retinal growth regulatory mechanisms.
In addition, ONS also eliminates voluntary accommoda-
tion and therefore the ability of eyes to clear low levels of
defocus, although some ﬂuctuations in accommodation
are seen in ONS eyes. While it is already known that ONSTable 1
Summary of treatment details for each of the four experiments included in th
Experiment
Ia: Diﬀuser/lens switch (from day 5 to 9)
Ib: ONS + diﬀuser/lens switch (from day 11 to 15)
IIa: Diﬀuser/stepped lens switch (from day 11 to 15)
IIb: ONS + diﬀuser/stepped lens switch (from day 11 to 15)
All treatments were monocular and all experiments were maintained for 4 daydoes not prevent either form deprivation- or lens-induced
myopia (Troilo, Gottlieb, & Wallman, 1987; Wildsoet,
2003; Wildsoet & Wallman, 1995; Wildsoet & Pettigrew,
1988), eyes undergoing ONS alone become hyperopic
(Wildsoet, 2003; Wildsoet & Wallman, 1995), perhaps indi-
cating an altered emmetropisation process.
2. Methods
2.1. Animals
White Leghorn chicks were obtained from a commercial
hatchery (Privett Hatchery, New Mexico) and reared under
a 12 h on:12 h oﬀ lighting regimen, with food and water
provided ad libitum. Food was sifted to remove ﬁne parti-
cles that otherwise tended to accumulate on the inside of
the optical devices. Chickens were cared for and all proce-
dures were carried out according to the NIH Guidelines of
Animal Care.
2.2. Experimental manipulations
The study comprised four experiments, the details of
which are summarised in Table 1, including the number
of birds per group and age at the start of the treatment
period. In all experiments, birds were randomly assigned
to one of three treatment groups, a diﬀuser group, a neg-
ative lens group, and a switch group in which negative
lenses and diﬀusers were interchanged every 3 h across
each 12 h day. The optical devices, either a white plastic
diﬀuser or a negative lens, were attached via Velcro sup-
port rings that allowed the cleaning and exchange of the
devices as required. To control for the brief exposure of
the switch group to normal vision when the devices were
being exchanged, diﬀusers were replaced with diﬀusers,
and lenses with lenses, at the same time intervals for
the two groups wearing the same device throughout the
experiment. Both eyes of each bird were monitored
although treatments were monocular, with random
assignment to left and right eyes. The treatment period
was 4 days in all cases.is study
Group Bird numbers
Diﬀusers only 14
15 D lenses only 14
Diﬀuser and 15 D lens (Switch) 14
Diﬀusers only 9
15 D lenses only 8
Diﬀuser and 15 D lens (Switch) 8
Diﬀusers only 10
5/10/15 D lenses only 10
Diﬀuser and 5/10/15 D lens (Switch) 10
Diﬀusers only 8
5/10/15 D lenses only 8
Diﬀuser and 5/10/15 D lens (Switch) 8
s.
1072 V. Choh et al. / Vision Research 46 (2006) 1070–1079In the ﬁrst set of two experiments,15D lenseswere used,
while lens power was progressively increased in the second
set of experiments (stepped lens paradigm), starting with
5 D lenses, which were replaced in turn with 10 D lenses
after 30 h and15 D lenses after 69 h. As already indicated,
the goal of this stepwise increase in lens power was to main-
tain a low level of hyperopic defocus throughout the study
period. These conditions contrast with those imposed by
the15D lens used in the ﬁrst set of experiments where there
is a steady decrease in the amount of imposed defocus from
an initially high level although full compensation would not
have been achieved over the short, 4 day duration of these
experiments (Wildsoet, 2003). In the second of each set of
two experiments, the treated eyes were subjected to optic
nerve section (ONS; Wildsoet, 2003; Wildsoet & Wallman,
1995). ONS surgery was carried out under halothane anes-
thesia (1.5% in oxygen) on one day-old chicks, which were
then allowed to recover for 10 days before undergoing visual
manipulations.
2.3. Measurements and analyses
Treatment eﬀects were monitored by high frequency A-
scan ultrasonography that allows measurement of ocular
axial changes to a precision of approximately 10 lm (Sch-
mid et al., 1996). Baseline measurements were made under
halothane anesthesia (1% in oxygen) before the optical
devices were applied and measurements were repeated 2
and 4 days later. In addition to changes in individual com-
ponents, changes in optical axial length (calculated as theTable 2
Treatment eﬀects for 5 day old normal birds wearing diﬀusers and/or 15 D
fellow eyes over 4 days of treatment
Ocular components Treatment eﬀects (treated m
15 D lens (n = 14)
Optical axial lengtha 0.597 ± 0.135
Vitreous chamber depth 0.457 ± 0.116
Anterior chamber depth 0.189 ± 0.106
Crystalline lens thickness 0.049 ± 0.076
Choroidal thickness 0.079 ± 0.063
a Group diﬀerences statistically signiﬁcant (p < 0.05).
b Diﬀerent from switch.
Table 3
Treatment eﬀects for 11 day old ONS birds wearing diﬀusers and/or 15 D l
fellow eyes over 4 days of treatment
Ocular components Treatment eﬀects (treatmen
15 D lens (n = 9)
Optical axial lengtha 0.266 ± 0.100
Vitreous chamber deptha 0.184 ± 0.064
Anterior chamber depth 0.084 ± 0.076
Crystalline lens thickness 0.003 ± 0.046
Choroidal thickness 0.114 ± 0.156
Treated eyes underwent ONS at one day of age.
a Group diﬀerences statistically signiﬁcant (p < 0.05).
b Diﬀerent from switch.sum of anterior chamber depth + lens thickness + vitreous
chamber depth) are reported.
For statistical testing, a two-factor repeated measures
analysis of variance (ANOVA) was used, with Bonferroni
corrections applied in post hoc analyses to account for
multiple testing. A p-value of less than 0.05 was taken as
an indicator of statistical signiﬁcance except in Bonferron-
i-corrected cases. Prior to comparison, each data point was
adjusted (normalised) so that for both treated- and fellow
eyes, the baseline mean of each device group matched the
overall baseline mean of all the device groups for its respec-
tive eye, thereby maintaining intragroup baseline variabili-
ty (standard deviation). Optical axial (cornea-to-retina)
length data, expressed as diﬀerences from baseline values,
were assessed for diﬀerences as a function of treatment
(treated or fellow eye), device group (lens, diﬀuser or
switch) and time. To assess whether the device-induced pat-
terns of growth responses were related to the experimental
paradigm, i.e., stepped vs. ﬁxed lens power, and normal vs.
ONS birds, the mean ﬁnal day interocular diﬀerence for
each device group of each experiment was normalised
and adjusted for age-related diﬀerences between the exper-
iments (see Section 3 for details).
3. Results
The data pertaining to the main ocular components for
each experiment are separately summarised in Tables 2–5.
In all experiments, treated eyes exhibited enhanced vitre-
ous chamber growth, whether or not they wore a lens orlenses (Ia), expressed as mean changes in mm (±SD) in treated relative to
inus fellow; mm)
Diﬀuser (n = 14) Switch (n = 14)
0.690 ± 0.151b 0.494 ± 0.093
0.495 ± 0.175 0.433 ± 0.110
0.217 ± 0.099 0.114 ± 0.145
0.022 ± 0.129 0.053 ± 0.153
0.089 ± 0.053 0.062 ± 0.078
enses (Ib), expressed as mean changes in mm (±SD) in treated relative to
t minus fellow; mm)
Diﬀuser (n = 8) Switch (n = 8)
0.560 ± 0.180b 0.361 ± 0.146
0.446 ± 0.116b 0.253 ± 0.134
0.066 ± 0.063 0.077 ± 0.096
0.047 ± 0.066 0.031 ± 0.063
0.188 ± 0.125 0.093 ± 0.085
Fig. 1. Mean change in optical axial length (±SEM) after 4 days of treatment for both treated (ﬁlled symbols) and fellow eyes (empty symbols) in (A)
normal and (B) ONS birds treated with 15 D lenses (circles), diﬀusers (triangles) or a combination of the two (squares), and in (C) normal and (D) ONS
birds treated with increasingly more powerful negative lenses (circles), diﬀusers (triangles) or a combination of the two (squares). For all birds, treated eyes
(ﬁlled symbols) grew signiﬁcantly faster than their fellow eyes (empty symbols), indicating a myopic shift in the treated eyes. Intergroup (device-speciﬁc)
diﬀerences were detected in normal birds treated with 15 D lenses and diﬀusers (A) and for both sets of ONS birds (B and D). See methods for details on
data normalisation.
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lens power was ﬁxed or incremented, and whether or
not the optic nerve was intact. However, there are diﬀer-
ences between the treatment groups, both within and be-
tween experiments, that suggest diﬀerences in the
mechanisms underlying the eﬀects, as described below.
We report optical axial length as an index of changes
in induced refractive errors that were not directly mea-
sured. In the chick, a 1 mm increase in axial length cor-
responds to approximately 15 D of myopia (Schaeﬀel
& Howland, 1988). Optical axial length data for treated-
and their fellow eyes, normalised to their respective base-
line values, are shown in Fig. 1. Vitreous chamber depth
changes accounted for most of the observed increases in
the optical axial length.
3.1. Ia: Normal birds treated with diﬀusers and 15 D lenses
Because of the young age of the chicks used in this
study, both untreated eyes as well as treated eyes grew sig-
niﬁcantly over the study period (Fig. 1A; p < 0.0001).
However, optical axial length changes were signiﬁcantly
greater for treated eyes (Fig. 1A; p < 0.0001) and there
were also device-related diﬀerences (p = 0.0014). Interocu-
lar optical axial length changes (Table 2) in the switchgroup were signiﬁcantly smaller than those in the diﬀuser
group (p = 0.0003), but were not signiﬁcantly smaller than
those of the lens group (p = 0.0413). Interocular optical
axial length changes in the diﬀuser group were also not dif-
ferent than those for the lens group (p = 0.0652). Although
there was no diﬀerence between the eﬀects of wearing a lens
compared to wearing a diﬀuser on ocular growth per se, the
observation that switching between these two treatments
resulted in slowed growth suggests that the mechanisms
regulating defocus induced- and form deprivation myopia
are diﬀerent.
Treatment-induced increases in vitreous chamber
growth account for approximately 75% of the optical axial
length increases described above. While vitreous chamber
depths increased signiﬁcantly in both treated eyes and their
fellows (p < 0.0001 for both), the rate of growth was signif-
icantly greater in treated eyes (p < 0.0001). Treated eyes
also showed signiﬁcantly greater anterior chamber depth
increases (p < 0.0001), slight but statistically signiﬁcant re-
duced thickening of the crystalline lens (p = 0.0202) and
more thinning of the choroid (p < 0.0001) compared to
their fellows. Together the latter diﬀerences account for
the residual interocular optical axial length diﬀerences
(Table 2). While there were no signiﬁcant device-related
growth diﬀerences in anterior chamber or vitreous
Table 4
Treatment eﬀects for 11 day old normal birds wearing diﬀusers and/or 5/10/15 D lenses (IIa), expressed as mean changes in mm (±SD) in treated
relative to fellow eyes over 4 days of treatment
Ocular components Treatment eﬀects (treatment minus fellow; mm)
5/10/15D lens (n = 10) Diﬀuser (n = 10) Switch (n = 10)
Optical axial length 0.187 ± 0.181 0.125 ± 0.135 0.173 ± 0.110
Vitreous chamber depth 0.176 ± 0.154 0.103 ± 0.089 0.164 ± 0.095
Anterior chamber depth 0.054 ± 0.063 0.050 ± 0.063 0.050 ± 0.051
Crystalline lens thickness 0.043 ± 0.036 0.027 ± 0.025 0.042 ± 0.034
Choroidal thickness 0.004 ± 0.053 0.012 ± 0.042 0.012 ± 0.058
None of the intergroup diﬀerences were statistically signiﬁcant.
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were trends that are consistent with those observed for
optical axial length, with the smallest changes occurring in
the switch group and largest changes in the diﬀuser group.
3.2. Ib: ONS birds treated with diﬀusers and 15 D lenses
For all three treatment groups, both treated ONS- and
their fellow eyes showed signiﬁcant increases in optical
axial length over the treatment period (Fig. 1B;
p < 0.0001 for both eyes), but treated eyes showed greater
growth (p < 0.0001). Intergroup diﬀerences (Table 3) were
also signiﬁcant (p = 0.0013), with the optical axial length
changes for the switch group lying between those for
the diﬀuser- and lens groups. Switch group optical axial
length changes were signiﬁcantly smaller than the diﬀuser
group (p = 0.0114) but not signiﬁcantly greater than the
lens group (p = 0.1867). Optical axial length changes for
the diﬀuser group were also signiﬁcantly greater than
those for the lens groups (p = 0.0114). Note that the eﬀect
of the 15 D lens on optical axial length is smaller in the
ONS group compared to the normal (non-lesioned) birds
(compare 0.266 mm vs. 0.597 mm; Tables 3 and 2, respec-
tively). However, as the ONS birds were 6 days older at
the start of the treatment period, this diﬀerence in the
responses is likely to reﬂect, at least in part, an age-related
decrease in reactivity to visual manipulations (Wildsoet &
Wallman, 1995). In contrast, the form deprivation re-
sponse is only slightly reduced in ONS eyes (compare
0.560 mm vs. 0.690 mm; Tables 3 and 2, respectively),
consistent with the exaggerated response to form depriva-
tion with ONS noted previously (Troilo et al., 1987; Wild-
soet, 2003). Note also that amongst the ONS groups, the
least responsive was the lens group while amongst the
non-lesioned groups, the switch group was the least
responsive. Together these observations suggest that
ONS alters the response to visual stimuli and that diﬀer-
ent mechanisms mediate lens- and form deprivation myo-
pia in ONS eyes.
As in normal birds, vitreous chamber changes account
for between 70% and 80% of the optical axial length
changes in ONS birds (Table 3). Both treated eyes and
their fellows showed signiﬁcant increases in vitreous
chamber depth over the experimental period
(p < 0.0001), with the changes being greater in treatedeyes (p < 0.0001). The changes in vitreous chamber depth
in the switch group were also signiﬁcantly smaller than
those in the diﬀuser group (p < 0.0001), but not signiﬁ-
cantly greater than those in the lens group (p = 0.1989).
Vitreous chamber depth changes in the diﬀuser group
were signiﬁcantly greater than those in the lens group
(p = 0.0016). The choroidal thickness changes likely con-
tributed to the enhanced diﬀuser response; although there
was no signiﬁcant intergroup diﬀerence in choroidal
thickness (p = 0.3080), the thinning in the diﬀuser group
was almost twofold that of the other two groups (Table
3). The other ocular components contributed little to
the intergroup optical axial length diﬀerences. Speciﬁcally,
while all groups showed greater increases in anterior
chamber depth in treated compared to fellow eyes
(p = 0.0002), intergroup diﬀerences were not signiﬁcant
and did not follow the trend observed in the optical
axial length data. Likewise, all groups showed slight
thickening of the crystalline lens that was slightly greater
in treated eyes although not signiﬁcantly so (p = 0.0540).
The latter trend is also opposite to that observed in nor-
mal eyes.
3.3. IIa: Normal birds treated with diﬀusers and stepped
negative lenses
As in Experiment Ia, no ONS surgery was performed
but this time, the (negative) lens power was increased incre-
mentally over the treatment period that also started later,
on day 11. Once again, optical axial lengths increased in
both eyes (p < 0.0001) and were greater in treated eyes
compared to fellow eyes (p < 0.0001) (Fig. 1C). However,
in this experiment, the intergroup diﬀerences were now
not statistically signiﬁcant (p = 0.7654) and the diﬀuser
group showed the smallest rather than the largest change.
As in Experiment Ia, the vitreous chamber data showed
the same response pattern as the optical axial length data
(Table 4), with vitreous chamber diﬀerences here account-
ing for over 80% of the optical axial length changes for
all three device treatments. Vitreous chamber growth in-
creased signiﬁcantly with time in both eyes (both
p < 0.0001) but at a faster rate in treated eyes
(p < 0.0001). The trends for both anterior chamber depth
and crystalline lens thickness were similar to those reported
for Experiment Ia; anterior chamber growth was greater in
Table 5
Treatment eﬀects for 11 day old ONS birds wearing diﬀusers and/or 5/10/15 D lenses (IIb), expressed as mean changes in mm (±SD) in treated
relative to fellow eyes over the 4 days of treatment
Ocular components Treatment eﬀects (treatment minus fellow; mm)
5/10/15 D lens (n = 8) Diﬀuser (n = 8) Switch (n = 8)
Optical axial lengtha 0.246 ± 0.192 0.481 ± 0.176b 0.210 ± 0.165
Vitreous chamber deptha 0.143 ± 0.169 0.383 ± 0.103b 0.112 ± 0.141
Anterior chamber depth 0.084 ± 0.063 0.086 ± 0.070 0.075 ± 0.065
Crystalline lens thickness 0.019 ± 0.049 0.011 ± 0.026 0.023 ± 0.045
Choroidal thickness 0.207 ± 0.109 0.263 ± 0.189 0.119 ± 0.142
Treated eyes underwent ONS at 1 day of age.
a Group diﬀerences statistically signiﬁcant (p < 0.05).
b Diﬀerent from switch.
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lengths in these eyes while crystalline lens thickening was
reduced in treated eyes. However, these changes were sim-
ilar in magnitude for all three groups and thus did not con-
tribute to the smaller mean optical axial length of the
diﬀuser group. There was also no contribution from the
choroid; treated and their fellow eyes showed similar thick-
ness changes (p = 0.5769).
3.4. IIb: ONS birds treated with diﬀusers and stepped
negative lenses
As in Experiment IIa, the power of the defocusing lens
was incremented over the course of the experiment, but
birds ﬁrst underwent ONS. The pattern of change is most
similar to that described for the other ONS experiment
(Ib) and here also, device-related diﬀerences in optical axial
length were statistically signiﬁcant (p = 0.0114) (Fig. 1D).
Optical axial lengths increased in both eyes across the treat-
ment period (p < 0.0001), but to a greater amount in the
treated eyes (p < 0.0001). Changes in the switch group were
the smallest, and were signiﬁcantly diﬀerent from those of
the diﬀuser group (p = 0.0061), but not from those of the
lens group (p = 0.6882) (Table 5). Changes in the diﬀuser
group were again the greatest, and were also signiﬁcantly
greater than those in the lens group (p = 0.0153). The
observation that switching between defocusing lenses and
diﬀusers results in diﬀerent optical axial lengths compared
to the eﬀects of either lenses or diﬀusers alone again sug-
gests that the mechanisms underlying lens- and diﬀuser-in-
duced myopia may be diﬀerent.
Vitreous chamber growth patterns matched those of, and
accounted for themajority of, the optical axial length chang-
es (Table 5). While both treated- and fellow eyes showed sig-
niﬁcant vitreous chamber growth (both p < 0.0001), treated
eyes grew signiﬁcantly more (p < 0.0001) and there were sig-
niﬁcant device-related diﬀerences (p = 0.0007). As was the
case for optical axial length, the treatment-induced changes
in the switch group were not diﬀerent from those in the lens
group (p = 0.6610) but were signiﬁcantly smaller than those
in the diﬀuser group (p = 0.0009), which also showed greater
vitreous chamber depth changes compared to those in the
lens group (p = 0.0026). While no intergroup diﬀerenceswere detected in choroidal thickness changes (p = 0.1803),
the trends were similar to those of the vitreous chamber, with
the switch group showing the least change and the diﬀuser
group showing the greatest. No device-related diﬀerences
in the growth patterns were observed for the anterior cham-
ber and crystalline lens. Anterior chamber depth increased in
both treated- and fellow eyes over the treatment period (both
p < 0.0001) and again, growth was greater in the treated eyes
(p < 0.0001) and contributed to the interocular diﬀerences in
optical axial length observed. Signiﬁcant increases in crystal-
line lens thickness also were recorded in both eyes
(p < 0.0001), greater in treated eyes (p = 0.0020).
3.5. Diﬀerences in response patterns between experiments
In the preceding sections, we found device-speciﬁc diﬀer-
ences in responses for the three of four experiments. To
determine if the pattern of responses diﬀered between
experiments, the interocular diﬀerences across the 4 day
treatment period for all four experiments were compared
as a function of surgery (ONS- vs. normal birds) and defo-
cus (15 D lens/diﬀuser vs. stepped lens/diﬀuser) (Fig. 2;
with a Bonferroni correction factor of p < 0.0125). Because
of the age diﬀerence between the two normal groups of
birds (Ia and IIa) and given the ﬁnding that the 15 D
lens/diﬀuser group (Ia) shows signiﬁcantly larger responses
overall than the stepped lens group (IIa) (presumably a
consequence of their younger age; compare Fig. 1A–C),
the interocular diﬀerences for these two groups (Ia and
IIa) were normalised prior to comparison. Given that the
diﬀuser treatment was the only one common to both exper-
iments, the interocular diﬀerences for each treatment group
of each experiment (Ia and IIa) were expressed as a per-
centage of their respective diﬀuser group. The interocular
diﬀerences for all treatment groups in the two ONS exper-
iments (Ib and IIb) were expressed as a percentage of that
of the diﬀuser group of the older normal birds (IIa), which
matched the ages of the ONS birds.
3.6. Eﬀects of optic nerve section
Optical axial length and vitreous chamber depth changes
were greater for the ONS groups in general (p < 0.0001)
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Fig. 2. Mean interocular diﬀerences in the changes (±SEM) across the 4-day treatment period for the four experiments, expressed as a percentage of their
own diﬀuser group response and relative to the changes in the older normal birds (IIa) (see text for details): (A) anterior chamber depth, (B) lens thickness,
(C) vitreous chamber depth, and (D) optical axial length. In ONS birds, the magnitudes of the responses were signiﬁcantly increased for all ocular
components. In normal birds, overall magnitudes of vitreous chamber depth responses were also relatively greater for the stepped lens paradigm.
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diﬀerences (p < 0.0001), with ONS aﬀecting the response to
diﬀusers the most (Figs. 2C and D). This eﬀect of ONS is of
particular note, given that both vitreous chamber depths
(VC) and optical axial lengths (OL) of ONS eyes were
shorter than normal at the start of the treatment period
(mean OL ± SD, ONS- vs. fellow eye: 8.786 ± 0.289 mm
vs. 8.987 ± 0.215 mm, respectively, p < 0.0001; mean
VC ± SD, ONS- vs. fellow eye; 5.219 ± 0.248 mm vs.
5.420 ± 0.174 mm, respectively, p < 0.0001). Treatment-in-
duced changes in anterior chamber depth (Fig. 2A), vitre-
ous chamber depth (Fig. 2C) and choroidal thickness
(18.67· diﬀerence between ONS- vs. normal birds) were
also exaggerated by the ONS surgery (p = 0.0023,
p < 0.0001, p < 0.0001 respectively). Treatment-induced
changes in crystalline lens thickness were an exception,
with changes being both smaller (p = 0.0004) and opposite
in direction (thickening instead of thinning) compared to
the normal groups (Fig. 2B). Note also that the crystalline
lenses of ONS eyes were initially thinner than normal
(mean lens thickness ± SD, ONS- vs. fellow eye:
2.116 ± 0.051 mm vs. 2.158 ± 0.059 mm, p < 0.0001). The
observation that the choroids of ONS eyes were thicker
than normal at the start of the treatment period (mean
choroidal thickness ± SD, ONS- vs. fellow eye: 0.354
± 0.148 mm vs. 0.207 ± 0.033 mm) oﬀers at least a partial
explanation for the greater thinning seen in ONS eyes dur-
ing the treatment period (Tables 3 and 5). Choroid thinningin normal eyes (Tables 2 and 4) will have been more con-
strained since there are physical limits to how much a tissue
can thin. In summary, the results indicate that ONS eyes
respond to myopia-inducing stimuli diﬀerently than do
non-lesioned (normal) eyes. The implications of these re-
sults are that the emmetropisation process and thus the
mechanisms mediating induced myopic growth responses
are altered by ONS.
3.7. Eﬀects of stepped negative lenses
Diﬀerences in treatment eﬀects related to the two defo-
cus paradigms used were more subtle than those just de-
scribed for the eﬀects of ONS lesioning. Defocus
paradigm-speciﬁc diﬀerences were only detectable in the
vitreous chamber data for normal birds (p = 0.0071;
Fig. 2C), with the stepped lenses/diﬀuser groups showing
slightly greater changes than the 15 D lenses/diﬀuser
groups (after normalisation for age, see above). No other
diﬀerences in growth related to the diﬀerent defocus para-
digms were detected, an indication that in general, i.e.,
for both normal and ONS eyes, the mechanisms mediating
these responses could not diﬀerentiate between a sustained
vs. increasing amount of imposed defocus. However, it
should be noted that in all four experiments, the defocus
stimuli themselves appear to dominate the responses of
the switch group, which were consistently closer in magni-
tude to those of the lens group than to those of the diﬀuser
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detected between the experiments.
4. Discussion
The current study sought insight into the mechanisms
mediating the two types of experimental myopia, lens-in-
duced and form deprivation-induced. We used a paradigm
in which these two treatments were interchanged at regular
intervals across the day and argued that the switching be-
tween treatments would only be detectable as diﬀerences
in ocular growth patterns if diﬀerent mechanisms were in-
volved. The ﬁnding that the diﬀuser treatment produced
signiﬁcantly longer vitreous chambers and overall axial
elongation in normal birds (with intact nerves) than their
combination with 15 D lenses (Fig. 1A, Table 2) raises
the possibility that the mechanisms are diﬀerent.
While our data for normal birds treated with 15 D
lenses and/or diﬀusers (Experiment Ia) are consistent with
the idea of two diﬀerent growth mechanisms, data from our
stepped lens experiment (IIa), showing no signiﬁcant
growth diﬀerences between the diﬀerent optical treatment
groups (Fig. 1C, Table 4), are not. Moreover, from a reti-
nal image standpoint, the results we observed were oppo-
site to what was expected. Since we increased the lens
power stepwise from an initially low power, the magnitude
of retinal image degradation imposed by the defocusing
lenses was limited and therefore the greatest diﬀerences
were expected between the stepped lens group compared
to the diﬀuser group. With high power lenses (i.e., 15
D), chicks would have been less able to modify the imposed
defocus using their accommodation (Nau et al., 1999) and
therefore the imposed defocus would have been more sus-
tained. This condition should have resulted in a greater
amount of retinal image degradation that would be more
similar to that imposed for diﬀusing goggles. Nonetheless,
the ﬁnding that responses to defocusing lenses were similar
over the ﬁrst two days (Figs. 1A and C), whether the im-
posed defocus was consistently low in magnitude (i.e.,
stepped paradigm) or initially high and gradually decreas-
ing (15 D lens) is consistent with an earlier observation
that the rate of response to negative defocusing lenses is ini-
tially independent of power up to 15 D (Wildsoet & Wall-
man, 1997). These results together suggest that the
magnitude of imposed defocus is not encoded in the growth
regulatory signals generated.
It has been shown by Kee et al. (2001), and conﬁrmed in
our laboratory (Yew and Wildsoet; unpublished data), that
the growth response to form deprivation is initially retard-
ed relative to, but then ultimately overtakes, the negative
lens-induced growth response. Given that we see a hint of
this diﬀerence in the rates of response in our 15 D lens
experiment (Fig. 1A, at around day 2) that involved youn-
ger chicks, but not in our ‘‘stepped lens’’ experiment, it is
possible that this initial lag is age-dependent, limited to
younger eyes. Why diﬀusers and negative lenses might elicit
diﬀerent ocular growth responses may be related to theirdiﬀerent visual eﬀects. With the diﬀusers used in the current
study (white and opaque), all spatial frequency information
was removed, although not light itself. In contrast, defocus
lenses acted like low pass ﬁlters, relaying some spatial fre-
quency- and contrast information. These diﬀerences may
be signiﬁcant given that a relatively short exposure to spa-
tial frequency information (20 min per day) can prevent the
usual eﬀects of form deprivation imposed for the remainder
of the treatment period (Schmid & Wildsoet, 1997). Other
investigators (Kee et al., 2001; Nickla, Wildsoet, & Wall-
man, 1998) suggest that exposure to spatial frequency
information is required for the entrainment of ocular
growth rhythms, which themselves may be important
determinants of myopic growth. The possibility that form
deprivation and defocus stimuli are processed by two dis-
tinct signal pathways is a potential explanation for why
the responses to the switching paradigm were always more
similar to those induced by the lenses than those induced
by the diﬀusers, for both normal and ONS birds
(Fig. 2C); a necessary assumption is that the defocus path-
way has a shorter temporal integration time that would al-
low it to dominate at the site where the signals are
integrated, at the level of the choroid and/or sclera.
When comparing our results to that of Kee et al. (2001),
the diﬀuser-dependent lag reported in the latter study (Kee
et al., 2001) appears to be attributable to an attenuation in
the diﬀuser response; chicks treated at 3 days of age with
diﬀusers showed an interocular diﬀerence in total axial
length of approximately 0.18 mm after 71 h (Kee et al.,
2001), which was about threefold less than the mean
(±SD) interocular total axial length diﬀerence observed
in our experiment (0.58 ± 0.21 mm after 4 days). Although
our treatment period was one day longer, the mean interoc-
ular diﬀerence in axial length for the 15 D lens-treated
birds in our study (0.51 ± 0.14 mm over 4 days) was not
much greater than that for similarly treated birds in the
study by Kee et al. (2001: about 0.45 mm over 3 days).
In addition to the older age of the birds in our study (5
days old at the start of the treatment period for our youn-
gest group), strain diﬀerences (Schmid & Wildsoet, 1996;
Troilo, Li, Glasser, & Howland, 1995) may also play some
role in the diﬀerences in the growth responses to diﬀusers
between our two studies.
ONS eyes showing diﬀerential responses to diﬀusers and
lenses, irrespective of whether only one lens power (15 D)
or stepped lenses were used (Figs. 1B and D, respectively),
add further support to the idea that the mechanisms medi-
ating the two diﬀerent myopias may be diﬀerent. The
responses of ONS eyes to the defocusing lenses also were
slightly increased relative to those of normal eyes, although
to a lesser extent than seen with the diﬀusers (Fig. 2D).
Thus our data also raise the possibility of diﬀerences in
the response characteristics of ONS- and normal eyes.
For the ONS groups, the response to the diﬀuser treatment
was consistently the largest of the three treatments applied,
regardless of the negative lens paradigm used, with diﬀuser-
induced changes in axial length being about 50% larger
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2D). These results are unexpected if the main determinant
of myopic growth is the amount of imposed ‘‘spatial blur,’’
because without accommodation (ONS eliminates active
accommodation), the diﬀerence between the retinal images
generated by the lens and diﬀuser devices ought to have
been smaller than that encountered by normal birds. More-
over, the eﬀect on retinal image quality of short-term ﬂuc-
tuations in accommodation that arise from spontaneous
discharge of the ciliary nerve innervating the accommoda-
tion apparatus would be only subtle. That the stepped lens
and 15 D lens paradigms elicited similar responses in
ONS eyes (Figs. 1B and D and 2D), even though retinal
image quality would have been much better in the former
case, also argues against a simple model of blur-driven
myopic growth.
The altered growth responses in ONS eyes may be due
to interruption of inner retina function by ONS, with dif-
ferential eﬀects on the signal pathways for defocus and
deprivation. It is known that ONS results in the loss of ret-
inal ganglion cells as well as centrifugal projections from
the isthmo-optic nucleus, both of which can result in
changes to the circuitry of the inner retina. Furthermore,
the ﬁnding that defocusing lenses induce sign-dependent
changes in ZENK expression in glucagonergic amacrine
cells (Fischer, McGuire, Schaeﬀel, & Stell, 1999) suggests
that the inner retina is involved in ocular growth modula-
tion. On the other hand, the loss of retinal ganglion cells
may be of primary importance. Bailey and Cassone
(2005) recently showed that a subset of cells in the ganglion
cell layer express melanopsin, which, in mammals, is neces-
sary for normal light-induced phase-shifting of circadian
rhythms (Panda et al., 2002; Ruby et al., 2002). In addition,
melatonin, another marker of diurnal rhythms, is cyclically
synthesised in chick retinal ganglion cells, albeit in much
lower levels than, and in opposite phase to the photorecep-
tors and pineal gland (Garbarino-Pico et al., 2004). It is
thus plausible that in our experiments, the ONS-associated
loss of melanopsin- and/or melatonin-expressing ganglion
cells resulted in altered ocular growth rhythms and thus al-
tered ocular growth responses. However, given that in an
earlier study (Wildsoet, 2003), enhanced growth was ob-
served in response to a combination of ciliary nerve section
and optic nerve section together, but not to ONS alone, we
cannot rule out the possibility of subtle surgery-associated
damage to the ciliary nerve as the origin of the increased
responses in ONS eyes of the current study.
As mentioned above, the ﬁnding that ONS eyes showed
much greater choroidal thinning than normal eyes is pre-
sumably attributable to the initially thicker than normal
choroids in ONS eyes, and hence their greater capacity to
thin. Since axial elongation was also greatest with the dif-
fusers, we speculate that the choroidal changes observed
with this treatment reﬂect a larger growth-enhancing sig-
nal, although some of this increased thinning is likely to
be a secondary eﬀect of the greater elongation of the vitre-
ous chamber.Consistent with earlier ﬁndings (Wildsoet, 2003), ONS
itself results in axial lens thinning, which may reﬂect a de-
crease in accommodative tone due to disruption of the
accommodative feedback loop. Axial lens thinning was
also observed in the device-treated eyes of normal birds
in our study (Tables 2 and 4), a ﬁnding that has also been
reported for normal eyes in a previous study (Kee et al.,
2001). Presumably lens thinning reﬂects the extent to which
eyes are enlarging equatorially (as well as axially). This no-
tion may explain, at least in part, why ONS eyes showed
relatively less lens thickening (compare Tables 3 and 5 vs.
Tables 2 and 4), i.e., perhaps equatorial expansion in
ONS eyes is slower than in their fellows. However, a retinal
inﬂuence, which may be altered in ONS eyes, cannot be ru-
led out (Chamberlain & McAvoy, 1987; Lovicu, Chamber-
lain, & McAvoy, 1995).
In summary, the results reported here support the no-
tion that diﬀerent mechanisms regulate form deprivation-
and lens-induced myopia, at least for the chick. Further-
more, growth signals are not encoded with the magnitude
of defocus, and the signal pathway appears to be modiﬁed
by optic nerve section, at least for form deprivation myo-
pia. Speciﬁcally, ONS exaggerates the form deprivation re-
sponse. We speculate on possible retinal mechanisms for
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